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Characterization of electronic properties of novel materials is of great importance for exploratory materials
development and also for the discovery of new correlated phases. As several novel compounds are available in
powder form only, contactless methods, which also work on air-sensitive samples, are highly desired. We present
that the microwave cavity perturbation technique is a versatile tool to study conductivity in such systems. The
examples include studies on semiconducting-metallic crossover in carbon nanotubes upon alkali doping, study
of vortex motion in the K3C60 superconductor, and the characterization of various alkali atom doped phases of
black phosphorus.
I. INTRODUCTION
Research of novel materials is in the forefront of contem-
porary physics and chemistry due to the presence of funda-
mentally interesting phases and the broad range of applica-
tions. In particular low-dimensional nanomaterials, includ-
ing fullerenes1, carbon nanotubes (CNT)2, graphene3. and
most recently black phosphorus4–10, attracted significant at-
tention. Common to these materials is that the electronic prop-
erties can be finely tuned by charge transfer which led to e.g.
the discovery of superconductivity11, spin-density waves12,
and a Mott transition13 in fullerides, the bleaching of opti-
cal transitions14 and the Tomonaga–Luttinger to Fermi liquid
crossover15 in single walled-carbon nanotubes (SWCNT). It
is also common that alkali atom doped modifications of these
materials are extremely air-sensitive thus conventional con-
tact probing of the electronic properties is difficult. This diffi-
culty is even more pronounced for black phosphorus (bP) for
which the pristine, undoped material is highly air and mois-
ture sensitive16–18.
In principle, contactless methods, such as infrared spec-
troscopy could provide the required information on the con-
ductivity of such samples, especially when combined with
ESR, NMR or Raman-spectroscopy. The microwave fre-
quency range arises as an automatic choice for these studies
as the frequency is closer to DC. As a result, this type of mea-
surements is more representative for the DC conductivity ex-
cept for some exotic cases e.g. including heavy fermions19,20.
Microwave cavity perturbation21,22 allows to determine rela-
tive changes in the conductivity, σ, dielectric permittivity, ǫr,
and magnetic permeability, µr, of air-sensitive nanomaterials:
the samples are placed inside a microwave cavity and changes
in the the quality factor,Q, and resonance frequency, f , allow
to determine the relevant parameters. A disadvantage of the
method is that absolute values of material parameters are dif-
ficult to attain. An important advantage of the method is that
the appropriate choice of cavity resonancemode allows to dis-
entangle the different properties, e.g. there are cavity modes
which locally sustain a node in the electric or magnetic field.
To illustrate the versatility of this technique we present ex-
periments on pristine and potassium intercalated black phos-
phorus (bP) showing the appearance of new metallic charge
carriers. Afterwards the K3C60 samples are investigated near
the superconducting phase transition, which is followed by
in-situ doping of single walled carbon nanotubes (SWCNTs),
whose resistivity evolution is examined in real time. Further-
more the technique was used for many other materials previ-
ously, such as: superconductivity in Nb and Pb23; insulating
behavior of NH3K3C60 systems
24; and many more25.
II. EXPERIMENTAL
In this section first we present briefly how the investigated
samples are prepared and introduce the reader to microwave
conductivity measurements.
a. Sample preparation Polycrystalline black phospho-
rus was purchased from smart-elements with purity of
99.998%. The crystals were ground inside an argon-filled
glovebox (MBraun GmbH with < 0.1 ppm of O2 and H2O)
and used as a crushed powder. Potassium intercalation of the
material was carried out in a solid-state route: to the pul-
verized phosphorus the stoichiometric amount of potassium
metal (Sigma-Aldrich, 99.95%) was added to obtain the re-
quired intercalation compound (in our case 1 : 8 for KP8).
Afterwards, the mixture was heated up to 70 ◦C, where it was
carefully mixed together. The detailed process of synthesis is
described in a previous article26. For the experiments, 10.1
and 10.3 mg of bP and KP8 was put into ESR grade quartz
tubes, evacuated to high vacuum (2 × 10−6 mbar) and sealed
under 20 mbar of He (6.0 Helium), which allowed cryogenic
measurements.
2Single crystal and powder K3C60 samples were prepared
by the conventional potassium intercalation method; the crys-
tal sample was from the same batch as in Ref.27. The
powder samples were further ground together with non-
conducting SnO2 powder to prevent conducting links between
the grains. SQUID magnetometry attested that DC supercon-
ducting properties (such as the steepness of the superconduct-
ing transition) were unaffected by the mixing. Samples were
sealed in quartz ampules under low pressure helium.
We used commercial SWCNTs prepared by the arc-
discharge method. The material was obtained from Nanocar-
blab (Moscow, Russia) with a well known mean diameter of
d = 1.4 nm and variance of σd = 0.1 nm. The diameter
distribution can be estimated well by a Gaussian function.
This batch is the same as we used previously during Raman28,
NMR29 and ESR30 characterization and peapod filling31. The
material was purified with oxidation in air and various acid
treatments32. Afterwards it was ground thoroughly to allow
microwaves to penetrate the whole bulk, and to assist the in-
tercalation of potassium. About 5 mg of SWCNT material
was then vacuum annealed at 500 ◦C for 1 hour in an ESR
quartz sample tube with a neck and inserted into an Ar filled
glove-box without air exposure. To achieve potassium inter-
calation we followed the well developed path of two chamber
vapor phase intercalation33 adopted to our setup. The K was
placed above the nanotube powder, where the neck forbid the
mixing of the materials, similarly to our previous work done
on graphite34. Finally the sample was evacuated to vacuum
without air exposure.
b. Microwave cavity perturbation technique Microwave
properties were measured with the cavity perturbation
method22,35 as a function of temperature, T , and for the case
of K3C60 samples various static magnetic fields, B, were also
applied. The used copper cavity has an unloaded quality fac-
tor of Q0 ≈ 10, 000 and a resonance frequency, f0 ≈ 11.2
GHz, whose temperature dependence is taken into account.
The samples were placed in the node of the microwave elec-
tric field and maximum of the microwave magnetic field in-
side the TE011 cavity, which is the appropriate geometry to
study minute changes in the conductivity36. The alternating
microwave magnetic field induces eddy currents in the sam-
ple, which causes a change in the microwave loss and shifts
the resonator frequency. The Q factor of the cavity is mea-
sured via rapid frequency sweeps near the resonance. A fit
to the obtained resonance curve yields the position, f , and
width, Γ, of the resonance. Q is afterwards obtained from its
definition Q = f/Γ. This value has to be corrected with the
unloaded Q factor of the cavity, thus the loss caused by the
inserted sample is: ∆
(
1
2Q
)
= 1
2Q −
1
2Q0
and the frequency
shift is∆f/f0 = (f −f0)/f0. Physical properties such as the
relative permittivity can be calculated in the following way:
ǫ′r − 1 = −A
Vs
Vc
×∆f/f0, (1)
and
ǫ′′r = A
Vs
Vc
×∆
(
1
2Q
)
, (2)
with ǫr = ǫ
′
r + iǫ
′′
r . Vs and Vc are denoting the volume of the
sample and the cavity, respectively. The A constant can be
calculated from the electric field in the cavity with, E, and
without, E0, the sample:
A ≈
∫
dV E∗0E∫
dV |E0|
2
. (3)
Calculation of the resistivity or conductivity from the mea-
sured parameters is summarized in the following section and
in Refs37,38.
For the black phosphorus and the fulleride samples, we ap-
plied a low temperature geometry as the interesting physics is
expected to happen below room temperature. To achieve this,
we placed our probehead into the cryostat of a superconduct-
ing magnet fabricated by Cryogenics Ltd. The temperature
range of the setup can be varied between 3.3 K up to 200 K
with magnetic field ranging from 0 to 9 T. The static mag-
netic field and the rf magnetic field are parallel in our geom-
etry. The trapped flux of the solenoid is about 10 − 20 mT
or 100− 200 Oe. For the K3C60 samples zero field measure-
ments were done in another cryostat without a magnet, where
the temperature range is limited to 6.5 K from below. The
used low temperature setup is presented in details in Ref.39.
In case of in-situ measurements, high temperature is
mandatory, for this a different setup is used with a very similar
microwave cavity. The samples, which are sealed in a quartz
capillary, are placed in an additional quartz insert, inside the
cavity. Dry nitrogen gas flows through the insert, whose tem-
perature can be varied between 100 K and 1000 K. The sam-
ple and the intercalant are placed in the same horizontal plane
in our geometry to avoid molten potassium flowing inside the
cavity. Outside of the insert the cavity is attached to a nitrogen
purge line to remove the humidity and water, which would dis-
turb the experiments due to their additional absorption. The
temperature of the copper cavity is stabilized by water cooling
to avoid thermal expansion. This setup could also serve to de-
tect the opposite effect, e.g. defunctionalization or dedoping
of materials, especially combined with e.g. Raman or TG-MS
spectroscopy.
III. RESULTS
We demonstrate the utility of microwave cavity measure-
ments on the nowadays intensively studied low dimensional
materials, such as black phosphorus (2D), single walled car-
bon nanotubes (1D) and fullerides (0D). In this work the con-
ductivity of the materials was studied, however the method
itself is not limited to this value, e.g. dielectric properties (ǫr)
can be examined. The first subsection is about black phospho-
rus and its alkali intercalated variant, namelyKP8. The second
one concerns the superconducting phase transition in K3C60,
emphasizing that the method is a great tool to study such ma-
terials, especially when it is combined with magnetic field.
These samples were measured in the low temperature setup,
in turn the method can also be combined with high temper-
ature in a different geometry, enabling real time examination
3of vapor-phase intercalation. This is demonstrated in the third
part on SWCNTs.
In microwave conductivity measurements, the sample mor-
phology greatly affects the relation between the complex con-
ductivity of the material, σ˜, and the microwave parameters,
the loss and shift. Two limiting cases are known: i) the sam-
ple is large and the field penetrates only into a limited distance
from the surface. This approximates the measurement per-
formed on the K3C60 single crystal. ii) The sample consists
of small grains whose dimensions are comparable to the pene-
tration depth, δ. This approximateswell the black phosphorus,
the SWCNT and the powder K3C60 samples of divided small
grains approximated with spherical particles22,35,37.
In the first case, when the radio frequency field penetrates in
the skin depth only, also referred as to the skin limit, the fol-
lowing equation holds between the microwave measurement
parameters and the properties of the material:
∆f
f0
− i∆
(
1
2Q
)
= −iνZs, (4)
where Zs is the surface impedance of the sample, related to
the conductivity as Zs =
√
µ0ω/iσ˜, σ˜ = σ1 + iσ2. Here σ1
and σ2 represents the real and the imaginary parts of the com-
plex conductivity. The dimensionless ν ≪ 1 parameter is the
so-called resonator constant40 and it depends on the sample
surface relative to that of the cavity. This is the most appro-
priate case for bulky samples, like single crystals.
In the second case, when the microwave field penetrates
into the sample (known as the penetration limit), the cavity
measurables depend differently on the sample parameters. It
was shown for a sphere with a radius of a, that
∆f
f0
− i∆
(
1
2Q
)
= −γα˜, (5)
α˜ =
1
10
(
ak˜
)2
, (6)
where k˜ = ωc
√
iσ˜/ǫ0ω is the complex wavenumber and γ
is a dimensionless sample volume dependent constant. This
scenario is well applicable to finely ground powders. Further
approximation can be made if the bulk conductivity and the
particle sizes are known. In the case of bP and SWCNTs the
Q ∼ ρ approximation holds.
A. Tuning the electronic properties of black phosphorus
Conductivity measurements performed on undoped and
potassium doped black phosphorus are shown in Fig. 1.
within the temperature range of 3.3 K and 180 K. The data
points are normalized to the value of the pristine material
taken at 100K (as our method cannot provide absolute values,
this is a necessary step). The normalization was done taking
into account the mass differences and assuming that the grain
distribution of the material is not changed significantly during
the intercalation. It is also assumed that Q ∼ ρ still holds for
the KP8 sample, as the conductivity of the sample is probably
not increased by more than 3 orders of magnitude.
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FIG. 1. Microwave conductivity measurement performed on pris-
tine black phosphorus and its potassium intercalated derivative, KP8.
The pristine material exhibits a semiconducting behavior in the in-
vestigated temperature range, in contrast to the doped sample, that
behaves in this way below 49 K and above 130 K. The conductivity
of this regime for both materials is dominated by the electrons ex-
cited thermally through the smaller gap. In KP8 between 49 and 130
K a metallic regime is observed (noted with vertical dashed lines)
yielding the presence of conduction electrons, similarly to our pre-
vious observations on the NaP6 system
41. We argue that the excess
charges are present on the intercalated phosphorene sheets. Above
130 K the resistivity is dominated again by the thermally excited
electrons from the larger band gap. Please note that the resistivity
values are normalized to the value of the pristine material taken at
100 K. Furthermore the superconducting phase transition occurring
at 3.8 K41,42 is probably hindered by freezing out of the thermal ex-
citations as the volume fraction of the superconducting phase is low
compared to the whole volume. Inset presents the observed data in an
Arrhenius plot to emphasize the activated behavior and to make the
metallic regime more pronounced. Dashed green lines are guides for
the eye to demonstrate the two gaps present in the pristine material
as observed in Ref.43.
The pristine material behaves as a semiconductor with a
smaller and a larger band gap (visualized in the inset of Fig.
1), in agreement with previous literature observations43–45.
KP8 exhibits a similar role below 49 K with a slightly dif-
ferent small gap. The conductivity of this regime is dom-
inated by the thermally excited electrons through the small
band gap. The major difference between the two materials is
4visible in the 49− 130 K temperature range, where the alkali
intercalated material exhibits a metallic behavior. It is clear
that the intercalated system cannot be understood with only 2
band gaps. Similarly to our previous findings in the sodium-
phosphorus system, NaP6, we assign this to the presence of
conduction electrons, whose states are existing in the inter-
calated phosphorene sheets41. Above 130 K the conductivity
of KP8 is again dominated by the thermally excited electrons,
but originated from the larger gap. Here we would like to
point out that the overall resistivity of the intercalated mate-
rial is increased by about a factor of 2 compared to the pristine
material. This somewhat strange and unexpected observation
can be explained taking into account that during our measure-
ments the microwave absorption is the quantity, which is truly
measured and black phosphorus itself is a surprisingly good
microwave absorbent43. Moreover during the intercalation
process some of the P−P bonds are broken26, especially near
the surface, which can result in the suppression of absorption
and increase of the resistivity.
It was shown previously that alkali intercalated black phos-
phorus becomes superconductive at a universal transition tem-
perature of ca. 3.8 K41,42. In our measurement this effect
is hindered by freezing out of the thermal excitations as the
resistivity is increasing as the temperature is going to zero.
This also means that the number of the conduction electrons
is low compared to the whole system, in agreement with
the low superconducting volume fraction observed in SQUID
measurements41.
B. Superconductivity of K3C60
Fig. 2 shows the microwave cavity loss, ∆(1/2Q) and
cavity shift, ∆f/f0 for a single crystal and a fine powder
K3C60 sample as a function of temperature for a few mag-
netic field values. The microwave loss decreases rapidly be-
low Tc in zero magnetic field as expected for superconductors.
The most important observation is that the microwave loss be-
comes significant for a magnetic field as small as 0.05 T for
the fine powder sample, whereas even 3 T has small effect on
the microwave absorption for the single crystal one. In fact,
we observe a huge, about 3 times larger, microwave absorp-
tion below Tc than in the normal state.
The fact that the enhanced microwave absorption occurs
with the application of the magnetic field hints at a flux mo-
tion related phenomenon that is discussed in the framework
of the Coffey–Clem (CC) theory46–50. The microwave absorp-
tion peak occurs above the irreversibility line, i.e. it is related
to the physical behavior of the vortex-fluid state; for K3C60
Tirrev(B = 0.1 T) ≈ 15 K and Tirrev(B = 1 T) < 5 K
51.
Superconducting fullerides are type-II (λ ≫ ξ) and have a
short mean free path i.e. they can be described in the local
electrodynamics limit, which simplifies the discussion52. The
phenomenological CC theory is based on a two-fluid model
and considers the motion of vortices due to the exciting elec-
tromagnetic field in the presence of a viscous background
(described by the viscous drag coefficient, η) and a restor-
ing force (described by an effective pinning force constant,
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FIG. 2. Temperature dependent cavity loss, ∆(1/2Q), and cavity
frequency shift, ∆f/f0 measurements for single crystal and powder
K3C60 samples. The magnetic field was 0 and 3 T for the crystalline
and 0, 0.05 and 0.5 T for the powder sample. Note that the Q-factor
changes significantly for the powder sample in contrast to the single
crystal sample. Note the different scales for the ∆f/f0 data. The
obtained datasets can be fitted with theoretical curves calculated from
the Coffey–Clem theory37,46–50.
κp). The details of the theory and the exact calculation for the
K3C60 described elsewhere
37, here we only summarize the
key points. The concept of the complex penetration depth, λ˜
is introduced in the theory the following way:
λ˜2 =
λ2 + (i/2)δ˜2eff
1− 2iλ2/δ˜2nf
, (7)
where δ˜2nf is the skin depth in the normal fluid, λ is the usual
penetration depth and δ˜2eff is the complex effective skin depth,
which contains the effect of vortex motion. λ˜ is linked to the
conductivity by σ˜ = i/µ0ωλ˜
2.
On the left panels of Fig. 2 the application of the first case is
shown, described above for the single crystal sample. We find
5that for both the calculation and experiment, the cavity loss
parameter drops rapidly below Tc, although σ1/σn, where σn
is the conductivity of the normal, Fermi liquid state, is around
unity due to the vortex motion. This effect is due to the devel-
opment of a significant σ2/σn ∼ 100, which limits the pen-
etration of microwaves into the sample and thus reduces the
loss. This means that the microwave surface impedance mea-
surement is less sensitive to provide information about σ1 in
the presence of vortex motion.
The right panels in Fig. 2 show the measurements for the
fine powder sample. The arisen peak alike structure can be
interpreted as follows: due to the vortex motion, the magnetic
field can penetrate into a greater volume, than without, which
results a decrease in the weight of Dirac delta function present
in the real part of the conductivity. The effect is proportional
to the inverse of the penetration depth squared. The missing
weight, due to sum rule, results a constant part up to cut in
frequency. If the vortex motion is not negligible, and the fre-
quency used during the measurement is below this cut it can
happen that the real part of the conductivity is higher in the
superconducting state, than in the normal, Fermi-liquid state.
This results an enhancement in the microwave loss, measured
by the applied microwave technique. To obtain fits, the trans-
port and magnetic parameters (ρn = 1/σn, ξ0, λ0) have to be
fixed to the respective mean of literature values. Here ξ0 and
λ0 denotes the coherence length and the penetration depth at
zero temperature, respectively. We assumed that the sample
consists of small spheres with a uniform diameter of a. The
zero magnetic field data depend only on γ and a when the
other sample properties are fixed. A fit to the B = 0 data
yields γ = 5.5(2) × 10−4, and a = 6.2(2) μm. We then
proceed to fit the magnetic field dependent data with κp as the
only free parameter and we obtain κp = 1.0(1)×10
−3 N/m2.
The fits and the detailed calculations for the obtained data are
presented elsewhere37.
C. In-situ intercalation of potassium into SWCNT bundles;
transition from semiconducting to metallic
The next advantage of the microwave conductivity mea-
surements is that they are readily adaptable to make in-situ
measurements. We demonstrate this on an arc-discharge
SWCNT sample in the high temperature setup. The intercala-
tion takes place similarly like in the two chamber vapor-phase
intercalation method: the intercalant is separated in space and
the process is driven by the gradient in temperature and chem-
ical potential33. The difference is that the nanotube powder is
now placed in the middle of the cavity, while the intercalant,
in our case the potassium, is located outside. The hot nitrogen
melts the potassium and sustains the vapor pressure required
for the doping. In this geometry the resistivity change of the
material inside is measured instantly. In Figure 3. a complete
in-situ measurement process is presented.
The process is carried out in the following steps: first the
temperature of the steadily cooled sample was increased from
173 K to 520 K, this part is labeled as I in Fig. 3. In this
range the resistivity of the material is decreasing upon increas-
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FIG. 3. In-situ intercalation of arc discharge SWCNTs. Steps marked
with red color indicate measurement steps, while green parts show
intercalation steps proceeded at 545 K. In the first step the material
clearly shows a semiconducting behavior (resistivity decreases upon
increasing temperature) as expected from a bundled branch of nan-
otubes, where 2/3 of the tubes are non-metallic. In the second step
the first intercalation takes place, which lasted for 16 minutes. This
is followed by the measurement denoted with III, where the system
was cooled from 545 K down to 155 K and back. On this part the
SWCNTs show a completely metallic behavior (resistivity decreases
upon decreasing temperature and increases upon increasing) proving
that the intercalation took place. Further doping steps, IV and VI and
measurement parts, V and VII indicate the drop of the resistivity as
the material is turning more and more metallic.
ing temperature, clearly showing a semiconducting behavior
with ρ = ρ0 e
∆/T . This is expected as the used arc-discharge
SWCNT bundle contains a mixture of 2/3 non-metallic and
1/3 metallic nanotubes. A fitted exponential to this regime
yields a transport activation energy of∆ = 39(1) K in agree-
ment with previous observations39,53. At 520 K the intercala-
tion starts to take place resulting in a decrease in the resistiv-
ity. The temperature is then fixed at a value of 545 K for 16
minutes, this regime is noted as II in the figure. Cooling down
the sample (III) we observe a completely different behavior
as before: the sample becomes metallic, as its resistivity de-
creases with lowering the temperature. Afterwards the system
is heated up again and the doping process is continued. The
conductivity of the sample is increased further in IV as the
sample gets more doped. In the further measurement and in-
tercalation steps the resistivity drops further and further (V,
6VI and VII) and the process can be continued until reaching
the equilibrium stoichiometry of KC7, which is a completely
metallic state54.
IV. SUMMARY
We presented that physical properties of air-sensitive nano-
materials, especially in powder form can be investigated in
the framework of microwave cavity measurements, which ap-
peared to be very robust and versatile. Conductivity measure-
ments made on black phosphorus, KP8, two types of K3C60
samples and real time evolution of K-SWCNTs, potassium in-
tercalated single-walled nanotubes are demonstrated herein.
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